PN junctions in nanoscale materials are of interest for a range of technologies including photodetectors, solar cells and light-emitting diodes. However, Schottky barriers at the interface between metal contacts and the nanomaterial are often unavoidable. The effect of metalsemiconductor interfaces on the behavior of nanoscale diodes must be understood, both to extract the characteristics of the pn junction, and to understand the overall characteristics of the final device. Here, we study the current-voltage characteristics of diodes that are formed in fullysuspended carbon nanotubes. We utilize tunable Schottky barrier heights at the CNT-metal interface to elucidate the role of the Schottky barriers on the device characteristics. We develop a quantitative model to show how a variety of device characteristics can arise from apparently similar devices. Using our model we extract key parameters of the Schottky barriers and the pn junction, and predict the overall I-V characteristics of the device. Our equivalent circuit model is relevant to a variety of nanomaterial-based diode devices that are currently under investigation. 
INTRODUCTION
The pn junction is a crucial building block for modern electronics and optoelectronics.
Researchers have recently created and studied pn junctions in a variety of nanoscale semiconducting materials, including carbon nanotubes (CNTs) 1 and transition metal dichalcogenides (reviewed in [2] ). These nanomaterial-based pn junctions are being investigated for their potential applications as rectifying diodes, solar cells, photodetectors and LEDs.
Measurements of pn junctions in nanomaterials are often complicated by metal-semiconductor contacts. Previous work has shown that Schottky barriers associated with metal-semiconductor contacts drastically affect the electrical characteristics of nanomaterial-based field-effect transistors. [3] [4] [5] However, the effect of Schottky barriers on the electrical characteristics of nanomaterial-based diodes is relatively unexplored. For example, CNT diode devices have been reported with a diversity of electrical characteristics that cannot be accounted for by a simple pn junction. 6, 7 In this work, we elucidate the role of Schottky barriers in lateral pn-junction devices made from individual suspended carbon nanotubes. We vary the Schottky barrier heights (SBHs) and establish the effect of Schottky contacts on the overall properties the nanoscale diode.
We have chosen suspended CNTs with dual gates as our model system (Fig. 1a) . Dual-gated
CNTs have received considerable attention in recent years, due to their promising electronic and optoelectronic characteristics. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Fully-suspended dual-gated CNTs are an ideal model system for exploring the role of Schottky contacts on nanoscale diodes. First, the fully-suspended CNT is a "clean" system. There are no complications associated with substrate-induced disorder, doping, or screening. 17 Second, we can characterize the diameter and chirality of the CNT under study, 15 allowing precise comparison between device characteristics and electronic structure.
Third, our device geometry creates Schottky barriers that are sufficiently long (> 100 nm) so that transport past the barrier is via thermionic emission, rather than a complicated mixture of tunneling and thermionic emission. 3, 4 Lastly, the SBH is tunable. The work function (WF) of the metal contacts changes gradually when the device is transferred from laboratory air to a vacuum environment. Previous authors have used this affect to study the role of SBH on CNT field-effect transistors (CNT FETs), 18, 19 and here we use the effect for the first time to study the role of SBH on a nanomaterial-based diode.
METHODS
Ultra-clean suspended CNTs were fabricated by growing CNTs over pre-made electrode structures. Electrodes were fabricated on 4-inch Si/SiO 2 wafers (500 nm oxide layer). First, the pair of gate electrodes were patterned and deposited (W/Pt 5 nm/60 nm). The separation distance between gate electrodes is 200 nm. The gate electrodes were then buried by SiO 2 (800 nm thickness) and source/drain electrode pairs were patterned and deposited (W/Pt 5 nm/60 nm).
The separation distance between source and drain electrodes is 2 µm. Reactive-ion etching was used to make a 700-nm-deep trench between the source and drain electrodes. After device fabrication, electrode pairs that are connected by individual CNTs were identified by electrical characterization and scanning photocurrent microscopy. Spectrally-resolved photocurrent was used to determine the diameter and chirality of the CNT under study.
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RESULTS AND DISCUSSION
We first verify the role of the SBH on the transport characteristics of a suspended CNT FET. In a material with a homogeneous transport band gap, E g , we expect Φ ! + Φ ! to equal the bandgap, therefore a decrease in Φ ! will be balanced by an increase in Φ ! . The diode characteristics of the same CNT device were measured as the metal WF was varied (Fig. 1e) . After each field-effect transistor measurement, the gates were reconfigured such that Figure 1e shows the resulting I sd -V sd characteristics for V sd > 0. In reverse bias
(not shown) the current is below the noise floor of our current amplifier (|I | < 10 -13 A, see Fig.   S1a ). In ambient environment (black curve), the forward-biased current remains below the noise floor of our measurement for V sd < 0.8 V. For V sd > 0.8 V, The current increases exponentially before finally rolling off into a linear I sd -V sd relationship. After one day in vacuum (dark green curve), the device characteristics dramatically change. Unlike a conventional diode, we observe two regimes where the current exponentially increases and two regimes where the current plateaus. The first exponential increase begins near V sd = 0 V. The voltage threshold for the second exponential increase is variable, changing with the number of days in vacuum (Fig. 1e) , and with the magnitude of the applied gate voltages (see supplementary information, Figure   S1b ). As the device sits in vacuum over the course of two weeks, the current level of the first plateau increases, while the current level of the second plateau decreases.
We have developed an equivalent circuit model that explains the observed diode characteristics. As shown in Figure 2a , the pn junction in the center of the CNT is in series with two reverse-biased Schottky diodes. One Schottky diode is associated with the junction between the source electrode and the p-doped section of CNT. The other Schottky diode is associated with the junction between the drain electrode and the n-doped section of CNT. We assume that majority charge carriers thermalize in the sections of CNT connecting the three circuit elements.
In our model, the current plateaus correspond to the saturation currents of the Schottky diodes (Fig. 2d , regions labeled R2 and R4). The pn junction determines the current before the first plateau and in-between the plateaus (Fig. 2d , regions labeled R1 and R3). We now formalize this model and quantify the key parameters for the device shown in Fig. 1e . The source-drain bias, V sd , is distributed across the three circuit elements shown in Fig. 2a such
The current through each circuit element must be equal, yielding the condition I sd = I SBh = I pn = I SBe . Thus, I sd is constrained by the coupled equations:
I pn = I 0,pn eV pn
where I 0,SBh , I 0,pn , and I 0,SBe are the saturation currents of the respective diodes, n is the ideality factor of the pn junction, G 0 is the conductance quantum, and V shift is a critical voltage at which the transport mechanism changes for I SBe . Equations 2 and 4a are flipped in sign compared to a conventional Schottky diode due to the reversed orientation.
The piecewise function (eq. 4) describes an unusual voltage dependence of I SBe . A mechanism for this voltage-triggered change was proposed by Liu et al. 7 The length of the n-doped region, L n , becomes smaller as V SBe is increased. When L n is sufficiently short (V SBe > V shift ), holes are transmitted directly from the p-doped region to the drain electrode without recombination (Fig   2c) . In this regime, the hole current bypasses the Schottky barrier for electrons.
To complete our model, we consider the factors influencing the saturation currents I 0,SBh , I 0,pn , and I 0,SBe . Using a 1-D Landauer formalism for electron transport in a CNT, Bosnik et al.
where τ !" is the transmission coefficient over the pn junction and E g is the bandgap of the CNT at the location of the pn junction (E g >> k B T). Applying the same approach to a 1-D Schottky contact yields
where Φ h and Φ e are the Schottky barrier heights for holes and electrons, and ! and ! are the transmission coefficients across the two Schottky barriers. Equations (6) and (7) curves and we constrain Φ h + Φ e = 410 meV , as discussed further below. The simulated device characteristics (Fig. 2d) are in excellent agreement with our measurements (Fig. 1e) .
It is instructive to qualitatively describe the features of Fig. 2d . The four distinct regimes of I sd (V sd ) are labeled in Fig. 2d as R1, R2, R3 and R4. In R1, the current-limiting circuit element is the pn junction. This can be understood by calculating the zero-bias conductance of each circuit element. We expect the pn junction to have the smallest zero bias conductance because E g is greater than either Φ h or Φ e , therefore I 0,pn is much less than I 0,SBh or I 0,SBe . In R2, the currentlimiting circuit element is the reverse-biased Schottky barrier for electrons and the current plateau occurs at I 0,SBe . In R3, the Schottky barrier for electrons is by-passed, and the currentlimiting circuit element is the pn junction. Finally, in R4, the current-limiting circuit element is the reverse-biased Schottky barrier for holes and the current plateau occurs at I 0,SBh .
Temperature-dependent measurements are useful for testing our model and for constraining the model parameters. Figure 3a shows measurements of the diode characteristics on Day 15 (V g1 = -V g2 = -5 V) as the temperature, T, is varied from 300 K to 200 K in steps of 25 K. The current at the plateaus is exponentially suppressed as T is lowered. From our equivalent circuit model we associate the first plateau with I 0,SBe and the second plateau with I 0,SBh . As shown in Fig. 3b , the exponential suppression of I 0,SBe and I 0,SBh agrees with the predictions of Eqn. 6 and Eqn. 7.
Using Eqn. 6 and 7 to fit the temperature dependence of the current plateaus we find Φ e = 192 ± 14 meV, Φ h = 219 ± 24 meV and 2.7×10 -3 < τ e < 1.1×10 -2 and 0.4 < τ h < 3.9. has a lowest-energy exciton resonance S 11 = 430 meV (see Figure S2 ). Within experimental uncertainty, S 11 is equal to our electronic measurement Φ ! + Φ h = 410 ± 30 meV. The equality between S 11 and Φ ! + Φ h suggests that electron-electron interactions are strongly screened at the location where the Schottky barriers form. This is a reasonable assumption, because the Schottky barriers are in close proximity to the metal electrodes.
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In contrast to the electrostatically-screened environment near the metal electrodes, the pn junction is located in the center of the CNT, far from the metal electrodes. Previous experiments on CNT pn junctions, 22 scanning tunneling spectroscopy of CNTs, 23 and CNTs in dielectric environments, 24 suggest that E g increases when screening is reduced. Therefore, we have considered the possibility that E g > Φ ! + Φ h . We achieve an excellent fit to our experimental data by setting τ pn = 1 and E g = 500 meV (Fig. 2d) . A transmission coefficient of order unity is a reasonable assumption because the expected scattering length in the suspended CNT is greater than the pn junction intrinsic region length. 25 We conclude that the I sd -V sd characteristics ( Fig.   1e ) are consistent with a growing body of evidence for a screening-dependent transport gap in CNTs.
Axial strain is a secondary factor that could cause discrepancy between the band gap at the pn junction and the sum Φ ! + Φ h . There is a downward electrostatic force on the suspended CNT when V g is non-zero. Previous nanoelectromechanical studies of suspended CNTs with similar geometry to our devices estimate an axial strain σ ~ 0.02% when V g = 10 V. 26 Given the CNT chiral index, (29, 10), we expect dE g /dσ ~ 50 meV per %, 27, 28 Thus, the expected strain-induced change in band gap (~ 1 meV) is too small to explain a 70 meV discrepancy between E g and the
Our discussion so far has focused on I sd -V sd characteristics in vacuum (day 1 -15). We now comment on the I sd -V sd characteristics in an ambient environment (black curve, Figure 1e ). In an ambient environment, the WF is sufficiently large to form Ohmic p-type contacts i.e. Φ h ≈ 0 and 
SUPPLEMENTARY MATERIAL
See supplementary material for a description of the equations and parameters used to generate Fig. 3d ; reverse bias measurements of the CNT diode featured in Fig. 1 .; diode characteristics at various values of V g1 and V g2 ; photocurrent spectroscopy of the CNT diode featured in Fig. 1 .
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